Cholesterol self-assembles into weakly ordered aggregates when tethered to a crosslinked hydrogel network of poly(ethylene glycol) (PEG). PEG-diacrylate and cholesterol-PEGacrylamide (PEG-chol) were co-polymerized in organic solvent and transferred to water for equilibrium swelling. Small-angle x-ray scattering revealed self-assembled cholesterol structures not present during network synthesis. At lower ratios of PEG-tethered cholesterol to PEG (<12% cholesterol based on total solid content), cholesterol aggregates into the dense, weakly ordered crosslink junctions of the PEG network. The hydrogel networks exhibited classic affine behavior during compressive mechanical testing, and cholesterol aggregation enhanced the elastic modulus. At high PEG-chol to PEG ratios (12-20% cholesterol based on total solid content), cholesterol self-assembles into domains with lamellar-like meso-ordering. The
Introduction
Hydrogel materials are notably responsive to changes in their chemical composition and method of network formation. Consequently, they can be designed to exhibit a variety of properties, such as high absorbability [1] [2] [3] [4] [5] , desired molecular transport [6] [7] [8] , injectability [9] [10] [11] [12] , biodegradability [12] [13] [14] , high strength [15] [16] [17] [18] , extensibility [2, [19] [20] [21] , and/or toughness [2, [18] [19] [20] [21] [22] [23] [24] [25] . Small-angle x-ray and neutron scattering (SAXS/SANS) have proven to be useful tools to probe nanoscale structural features of hydrogel networks in order to gain insight into the macroscopic properties and their dependence on composition [26] . For example, our previous work established that photopolymerized, end-linked poly(ethylene glycol) (PEG) networks produce a scattering peak that corresponds to the distance between weakly ordered crosslinks.
The crosslink junctions were determined to be dense, hydrophobic scattering centers with high estimated functionality (over 80 PEG chains per junction), and they contribute significantly to enhance the mechanical strength of the PEG hydrogel network [27] . By comparison, end-linked "tetra-PEG" networks with completely uniform, homogenous structures of exactly four chains per crosslink show no heterogeneous scattering features [28, 29] . Although such networks do not have the high initial elastic moduli of the photopolymerized PEG hydrogels [25, 27, 28] , their uniform structure apparently causes them to be substantially less brittle, and they instead demonstrate enhanced toughness and fracture strength [25] .
Clearly, chemical composition strongly impacts the structure/property relationships of hydrogel networks, but the processing of the network after synthesis can be equally important.
In the case of temperature-sensitive polymers, thermal processing can produce physical crosslinks or act as a method of drug delivery [9, 12, 30] . When photopolymerized PEG is interpenetrated by a network of pH-sensitive poly(acrylic acid) (PAA), the resulting double network exhibits an exceptional increase in elastic modulus when the PAA is ionized compared to when it is protonated or incorporated as a copolymer with PEG [15, 31] . In such instances, the swelling behavior of the polymer chains is strongly influenced by changes to the network environment. The structural transition caused by altering the hydrogel environment further influences the material properties.
In the current study, the effects of both composition and processing were explored as cholesterol was incorporated into end-linked PEG networks using a tethering PEG-linker to connect the cholesterol groups to a network junction. PEG-co-(PEG-chol) networks ranging from 0 to 100% PEG-chol were photopolymerized in chloroform and swollen to equilibrium in water. As a hydrophobic mesogen, cholesterol easily dissolves in organic solvent for network synthesis, yet it has the capability to stack or self-assemble once forced into aqueous conditions.
Tethering cholesterol to the PEG network junctions generates a homogeneous distribution throughout the hydrogel and permits greater mobility for molecular rearrangement compared to direct incorporation into the polymer backbone. However, attachment via a polymer linker restricts movement to a local region, which may limit self-assembly within the network. This study uses SAXS to analyze the structural behavior of the PEG-co-(PEG-chol) networks as a result of solvent processing and cholesterol concentration. The translation of the nanostructure to the swelling and mechanical properties of the hydrogels is also examined.
Experimental

Chemicals
Diol-terminated PEG (M n 4600 and 3400 g/mol), bis(3-aminopropyl)-terminated PEG (M n 1500 g/mol), PEG methyl ether acrylate (M n 2000 g/mol), triethylamine, acryloyl chloride, cholesteryl chloroformate, mesyl chloride, ammonia, 2-hydroxy-2-methylpropiophenone and triethylene glycol dimethacrylate were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. Anhydrous tetrahydrofuran, diethyl ether, dichloromethane and chloroform were purchased from Fisher Scientific (Pittsburgh, PA). Ethanol was purchased from Rossville Gold Shield (Hayward, CA).
PEG-diacrylate and PEG-diamine synthesis
PEG-diacrylate (M n 4600 g/mol) and PEG-diamine (M n 3400 g/mol) were synthesized following a protocol similar to that described by Elbert and Hubbell [32] . Briefly, diolterminated PEG dissolved in anhydrous tetrahydrofuran was reacted with a 2.5 molar excess of acryloyl chloride (for PEG-diacrylate) or a 3 molar excess of mesyl chloride (for PEG-diamine) and triethylamine base catalyst overnight at room temperature under nitrogen. The PEGdiacrylate and PEG-dimesylate products were then purified by filtration and precipitation in diethyl ether. The PEG-dimesylate was added to an aqueous ammonia solution, and the reaction was stirred for a week to produce PEG-diamine. Further purification of the PEG-diacrylate ( Figure 1a ) and PEG-diamine products was performed using liquid-liquid extraction in dichloromethane and precipitation in diethyl ether.
1 H NMR analysis confirmed full end-group functionalization, as described previously [27] . 
Cholesterol-PEG-acrylamide (PEG-chol) synthesis
3 grams of amine-terminated PEG (2 mmol M n 1500 g/mol, ~34 repeating units (r.u.); 0.9 mmol M n 3400 g/mol, ~77 r.u.) were dissolved in ~150 mL of dichloromethane, and 2 molar equivalents of distilled triethylamine per PEG chain were added. A solution of 1 molar equivalent cholesteryl chloroformate per PEG chain in ~20 mL dichloromethane was slowly dripped into the reaction flask (about 1 drop every 5-10 seconds) to promote the addition of a cholesterol group to only one end of each PEG chain. After stirring overnight, another 2 molar equivalents of triethylamine base catalyst were added. A solution of 2 molar equivalents acryloyl chloride per PEG chain in ~20 mL dichloromethane was slowly dripped into the flask (about 1 drop every 3-5 seconds), and the reaction was stirred overnight. This second reaction step functionalized the remaining end of each PEG chain with an acrylamide group; an excess of acryloyl chloride was used to completely functionalize any additional ends that did not react with the cholesteryl chloroformate. Throughout the two-day synthesis, the reaction was kept at room temperature under inert atmosphere. By-product formation was minimized by careful attention to slow addition of the cholesteryl chloroformate and acryloyl chloride reactants to the reaction mixture. Following synthesis, dichloromethane was evaporated and the remaining solid was redissolved in tetrahydrofuran. The cholesterol-PEG-acrylamide (PEG-chol) product (Figure 1b) was isolated by filtration and evaporation of tetrahydrofuran followed by refrigeration and vacuum-drying. 1 H NMR analysis confirmed the presence of cholesterol and acrylamide end-groups on the PEG (see Figure S01 in the Supporting Information). Unfortunately, the presence of byproducts such as chol-PEG-chol or PEG-diacrylamide could not be distinguished using this technique. Chol-PEG-chol cannot covalently attach to the network and is removed via washing.
Since only 1 molar equivalent of cholesterol per PEG chain is added, formation of large amounts of chol-PEG-chol would significantly reduce the PEG-chol yield and prevent much of the cholesterol from being incorporated into the networks. However, the data show structural and mechanical differences in the hydrogels with even small amounts of the synthesized product included, suggesting that the majority of cholesterol was attached and not washed out of the networks. Additionally, excess PEG-diacrylamide would act as a crosslinker in the formation of 100% PEG-chol networks, greatly reducing their polymerization time and producing a network that is actually a combination of PEG and PEG-chol. Again, this seems negligible as the PEGchol networks took the longest to polymerize and showed properties significantly different from the PEG and PEG-chol copolymer networks. Thus, chol-PEG-chol and PEG-diacrylamide byproducts do not empirically show a large presence in the resulting networks.
Hydrogel preparation
Precursor stock solutions of PEG(4600)-diacrylate and PEG(1500)-chol were prepared by dissolving each macromonomer in chloroform at a concentration of 0.637 g/mL. The stock solutions were combined at different volume ratios to create the copolymer precursor solutions.
Each precursor solution is described by the weight percent of mono-functional PEG-chol among the total solids in solution (i.e., 30% PEG-chol = 0.3 g PEG-chol for every 0.7 g PEGdiacrylate). Copolymer precursor solutions of 9% PEG-chol to 90% PEG-chol were prepared, equivalent to 1.8% to 18% cholesterol among the total solids by weight. 2-hydroxy-2-methylpropiophenone photoinitiator was added to the precursor solutions at 1 wt% concentration with respect to the total solids content. Precursor solutions were then inserted between two glass slides separated by 0.5 mm thick Teflon spacers and exposed to a UV light source (365 nm at 10 mW/cm 2 , UV chamber model ELC-500, Electro-lite Corporation, Danbury, CT). During UV exposure, crosslink junctions were created via photopolymerization of the telechelic PEGdiacrylate end groups. UV exposure time varied depending on the amount of PEG-chol in the precursor. Copolymer solutions with a majority of PEG-diacrylate (<50% PEG-chol) were more easily crosslinked, requiring only 5 minutes. Precursors with increasing amounts of PEG-chol were exposed sufficiently long to produce gels that could be easily removed from the glass slides and handled; this led to 8 minutes UV exposure for 60% PEG-chol solutions and up to 13 minutes UV for 90% PEG-chol solutions. The resulting PEG-co-(PEG-chol) networks were placed in chloroform to wash overnight. The networks were subsequently washed in ethanol followed by deionized water, where they were then swollen to equilibrium.
To synthesize PEG(1500)-chol single polymer networks (100% PEG-chol, no PEGdiacrylate), photoinitiator (1 wt% with respect to PEG-chol) was added to the PEG-chol stock solution, and triethylene glycol dimethacrylate crosslinking agent was added at 10 mol% with respect to PEG-chol. The precursor was placed between glass slides as described above and exposed to UV light for 20 minutes. The PEG-chol networks were washed in the same manner as the PEG-co-(PEG-chol) networks before equilibrium swelling in water.
Several variations of the PEG-co-(PEG-chol) networks were also prepared for comparison studies. Networks using PEG(3400)-chol were made as described above with the exception that the PEG-chol stock solution was prepared at 1.24 g/mL. This change was made so that the PEG(3400)-chol solution would be the same molar concentration as the PEG (1500) . All networks will be identified according to the wt% of the mono-functional PEG macromonomer with respect to the total polymer content (i.e., 30% PEG-chol network derives from the 30% PEG-chol precursor solution).
Small-angle x-ray scattering (SAXS) measurements
SAXS measurements were performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamlines 1-4 and 4-2, similar to previous studies [27, 31] . Circular disks (15 mm diameter) of water-swollen hydrogel samples were cut out and placed into a sample holder with no x-ray windows. Two disks of each sample were stacked to decrease the x-ray beam transmission and increase the scattering intensity. During hydrogel drying measurements, a single disk sample was measured repeatedly over the course of a few hours. For measurements of networks swollen in organic solvent, the disks were assembled with excess solvent into a sample holder with Kapton windows, which was sealed shut using rubber o-rings.
Measurements were taken at different sample-to-detector distances, and the data were combined by shifting the intensities from one distance by an arbitrary factor to match the second. Separate measurements for background, Kapton and empty cell scattering were also taken with no beam and an empty sample holder with and without Kapton windows, respectively. Depending on the sample-to-detector distance, silver behenate, cholesteryl myristate and chicken tendon standards were used to calibrate the beam center. All image data was integrated using FIT2D software (European Synchrotron Radiation Facility, Grenoble, France).
Peak positions were determined by fitting the intensity as a function of the scattering vector, q, to a Lorentzian shape using a least squares fit. The position of the peak, q max , was related to the spacing between scatterers using Bragg's law,
where d is the average spacing between scattering centers, λ is the x-ray wavelength, and θ is half of the scattering angle.
Swelling measurements
Hydrogel swelling measurements were completed by evaluating the weight of the hydrogels in their swollen (W s ) and dry (W d ) states [15, 33, 34] . After swelling to equilibrium in water, three small disks of each hydrogel were cut out, patted dry to remove surface water, and individually weighed. The disks were dried for three days in a vacuum desiccator to remove all water and then weighed again. 
Compressive mechanical testing
Hydrogel compression samples were prepared using Teflon and neoprene spacers ranging from 2.32 to 3.09 mm thick. UV exposure time (5-15 minutes) was increased to secure complete polymerization and crosslinking of the thicker networks, with more time needed for higher PEGchol% precursors. Extra washing steps were used to minimize macroscopic cracking during solvent transfer caused by osmotic swelling differences in the bulk and surface of the gel. After photopolymerization, the thick networks were washed in chloroform overnight followed by and water. The equilibrium-swollen hydrogels all had final thicknesses of 3.06 ± 0.10 mm. A 7 mm trephine punch was used to cut out cylindrical samples from the hydrogel slabs 3.1 mm in height and 7 mm in diameter; a similar height-to-diameter ratio was used previously for compression testing on comparable hydrogels [22, 27, 31] .
Compressive mechanical testing was performed using an Instron Universal Materials
Testing Machine (Instron model #5844, Norwood, MA, USA) with Bluehill 2 software. A strain rate of 1 mm/min was applied to each hydrogel cylinder until breakage, indicated by a sudden decline in the measured stress. The measured load and compressive extension were collected and used to calculate engineering stress, σ eng (normal force over initial cross-sectional area), as a function of deformation, α (ratio of compressed to initial gel thickness), for 8 to 16 samples of each type of hydrogel.
Results and discussion
SAXS from networks with low PEG-chol content
SAXS of the PEG(4600)-co-(PEG(1500)-chol) networks (<50% PEG-chol) swollen in both organic and aqueous solvent was employed to interpret structural differences on the nanoscale as cholesterol was introduced into the polymer networks. After synthesis in chloroform, PEG-co-(PEG-chol) networks were transferred to water for SAXS measurements, and then the same networks were washed in ethanol and swollen to equilibrium in tetrahydrofuran (THF) for another set of SAXS measurements. Polymer networks were swollen in THF because it is less toxic and volatile than chloroform for open air SAXS experiments but has similar solubility of PEG chains [35] . X-ray scattering contrast between hydrophobic elements in the network and the organic solvent was verified using the end-linked PEG networks (0% PEG-chol) that display a scattering peak corresponding to their weakly ordered, hydrophobic crosslink junctions [27] (see Figure S02 in the Supporting Information).
Scattering curves for the PEG-co-(PEG-chol) networks swollen to equilibrium in organic and aqueous solvent are shown in Figure 2 . In THF, the networks exhibit peak-like scattering at very low PEG-chol concentrations (0% and 9%) that develops into broad shoulders for increasing amounts of incorporated PEG-chol. The occasional presence of a small peak around q  3.6 nm -1 results from excess background scattering of the Kapton windows and is not indicative of any structural features. In contrast, scattering peaks were measured for all the PEGco-(PEG-chol) networks swollen to equilibrium in water regardless of PEG-chol concentration.
SAXS curves analogous to those in Figure 2 were observed from PEG-co-(PEG-chol) networks swollen in acetonitrile as well as networks synthesized in THF and measured in THF and water (see Figures S03 and S04 in the Supporting Information), thereby demonstrating that differences between network features in organic and aqueous solvent must result from self-assembly or molecular rearrangement within the polymer network during solvent processing. To maintain a random distribution of the hydrophobic cholesterol throughout the network would be entropically unfavorable for the aqueous system, and with no significant steric hindrances to prevent rearrangement, it is reasonable for the cholesterol to re-organize into a more energetically favorable aggregated conformation during solvent transfer to water. Scattering in THF is representative of the network structure during synthesis in organic solvent. For 0% PEG-chol, or a standard PEG network, the broad peak signifies weak ordering of the scattering groups, in this case the hydrophobic crosslink junctions, and the peak position correlates with the crosslink junction spacing as seen previously [27] . With the addition of cholesterol, the broad shoulder patterns indicate a random distribution of scattering groups throughout the PEG-co-(PEG-chol) networks. The lack of any major shift in the position of the shoulders implies that the size of the scattering objects remains constant for all PEG-chol concentrations. Incorporating cholesterol into the PEG network introduces a second source of hydrophobic scattering; the PEG linker separates cholesterol from the crosslink junction, but
should not be long enough to allow cholesterol to interfere with nearby crosslinks. The cholesterol is somewhat free to move around in the network, and in organic solvent where it is highly soluble, it is likely to situate itself randomly throughout the network between crosslink junctions. The PEG-co-(PEG-chol) crosslink junctions should still remain weakly ordered, however, because the networks are composed of over 50% end-linked PEG.
Conversely, the correlation peaks in the water-swollen PEG-co-(PEG-chol) gels suggest a weakly ordered formation of the hydrophobic crosslink junctions and cholesterol domains. Photopolymerization of PEG and PEG-chol macromonomers (left) creates a network with a random distribution of hydrophobic groups (center; ordered crosslinks, red, and randomlyarranged cholesterol molecules, green). Cholesterol collapses into the crosslink junctions after aqueous solvent exchange (right).
SAXS from networks with high PEG-chol content
Hydrogels with higher PEG-chol concentrations were analyzed to investigate the selfassembly behavior of cholesterol as the network transitions from being a tightly crosslinked PEG network with inserted PEG-chol to a network composed mostly of PEG-chol monomers loosely crosslinked by PEG-diacrylate. Figure 4 displays the SAXS behavior for water-swollen PEG-co-(PEG-chol) hydrogels containing the full range of PEG to PEG-chol ratios, from PEG (0% PEGchol) to a 100% PEG-chol network made with a small crosslinker. Below 60% PEG-chol, the SAXS curves have a single peak correlating to the PEG crosslink spacing; larger amounts of PEG-chol (30-60%) shift the peak to lower q as a result of cholesterol collapse into the crosslink junctions extending the PEG chains. A structural transition occurs above 60% PEG-chol as the original peak shifts back to higher q and a second peak develops. The appearance of two distinct peaks is most obvious for the 100% PEG-chol network. Peak positions for the curves in Figure 4 were determined, and the corresponding dspacings are shown in Table 1 . The distance between crosslinks in the PEG network was 10.7
nm, a spacing similar to that measured previously [27] . Comparison with the theoretical end-toend distance, R, of a PEG(4600) chain shows that the spacing is between that of a self-avoiding random walk in three dimensions (7.6 nm) and two dimensions (14.3 nm) [27] . End-to-end distance was calculated using equation 2 where b is the Kuhn length for PEG (0.76 nm), N is the number of Kuhn segments, and ν is the scaling exponent for a self-avoiding random walk in a good solvent (ν = 0.588 for three dimensions and ν = 0.75 for two dimensions) [27, 36, 37] .
A continuous increase in the crosslink spacing was detected with the gradual addition of PEGchol into the network until reaching a spacing of 15.8 nm at 60% PEG-chol. A 3-5 nm increase in the crosslink spacing from cholesterol collapsing into the junctions seems reasonable considering the configurational changes that must occur during its rearrangement. Above 60% PEG-chol, the d-spacing of the main peak decreases as the second peak emerges at higher q. One exception is the distance measured for the 90% PEG-chol hydrogel, but the broadness of the peaks exhibited by that network makes determining peak positions difficult. A shift of the principal peak back to higher q indicates that scattering is no longer dominated by the weakly-ordered crosslinks but rather from a different cholesterol aggregation structure with smaller spacing that becomes even more dominant at concentrations above 75% PEG-chol. The differences in d-spacing between the first and second peaks of the 100% PEGchol network, 10.2 nm and 5.0 nm respectively, signify lamellar ordering of the scattering groups within the hydrogel [38, 39] . At low PEG-chol concentrations, the network contains dense, hydrophobic crosslinks and the cholesterol is sparsely distributed, so it is much more likely for cholesterol to aggregate with the crosslink junctions rather than with other cholesterol molecules.
In contrast, networks with high PEG-chol content will no longer contain dense crosslinks due to low amounts of PEG-diacrylate. Instead, reaction of the PEG-chol acrylamide end-groups will form a hydrophobic polymer backbone with sparsely distributed PEG-diacrylate. The cholesterol groups should be located much closer together such that they can more easily locate one another and assemble together during transfer to aqueous solvent. Cholesterol can also exhibit liquid crystalline behavior [40] , so stacking into lamellar-like regions is quite reasonable.
Besides adding cholesterol to the hydrogel, replacing PEG-diacrylate with monofunctional PEG-chol removes effective network chains and introduces dangling end-groups into the network. In order to confirm that structural features observed in the PEG-co-(PEG-chol) hydrogels are due to cholesterol self-assembly and not just the effects of increased dangling PEG chains, mono-acrylated PEG(2000) was substituted for PEG-chol to form PEG-co-(PEG (2000)) networks. SAXS results for the PEG-co-(PEG(2000)) hydrogels are shown in Figure 5 , and the d-spacings are presented in Table 1 . The crosslink spacing increased slightly from 10.7 nm for the standard PEG network up to 12.2 nm for 45% PEG(2000) , showing that the addition of dangling PEG chains within the hydrogel has a measureable, but minor, effect. As was observed in the PEG-co-(PEG-chol) networks, 60% PEG(2000) appears to be a transition point for the hydrogel structure. At this ratio, the scattering peak broadens and the crosslink spacing increases to 14.4 nm consistent with a plethora of swollen, dangling PEG end-groups that substantially loosen the weakly ordered structure. Above this concentration, the ordered crosslinks are completely disrupted, as a scattering shoulder indicating a random distribution of scattering groups was observed for 75% PEG(2000) networks. Table 1 shows that the PEG-co-(PEG-chol) networks all have greater spacing between crosslink junctions. While the addition of dangling PEG chains has only a small effect on network structure, it is clear that cholesterol rearrangement has a substantial influence on the hydrogel morphology. Interestingly, both network compositions show a structural transition between 60% and 75% incorporated mono-functional PEG. This may be the point where the network no longer contains the critical amount of PEG-diacrylate chains needed to maintain a weakly ordered crosslink structure; instead, the PEG-diacrylate simply acts as a loose crosslinker for the photopolymerized chains of mono-functional PEG-chol or PEG(2000).
At the higher ratios of PEG-chol, the PEG-co-(PEG-chol) networks appear to contain a local lamellar-like structure that develops as a result of this morphological transition. Additional studies on the 100% PEG-chol networks, which exhibited the clearest scattering, were performed to further investigate this possible conformation.
SAXS from PEG-chol networks
The scattering measurements in Figure 2 indicating random cholesterol distribution during organic synthesis were only performed at lower PEG-chol ratios. Thus, 100% PEG-chol networks were analyzed in THF to explore any structural features that affect interpretation of the water-swollen hydrogel structure. SAXS measurements were taken directly after synthesis, after solvent transfer to water and following a second solvent exchange cycle in THF and water to observe if structural features were maintained ( Figure 6 ). In THF, the networks exhibit one broad shoulder indicating a random distribution of cholesterol throughout the gel, similar to the PEG-co-(PEG-chol) networks with low PEG-chol content. As expected, the water-swollen PEGchol gels display two distinct peaks with peak positions identical to those in Figure 4 . The scattering curves are equivalent for each solvent condition regardless of the solvent processing steps that came beforehand. The results demonstrate that cholesterol is distributed randomly during network formation in organic solvent but then self-assembles into an ordered configuration when the network is swollen in water; the molecular rearrangement is both reversible and repeatable through solvent exchange. The development of the self-assembled structure after polymerization and crosslinking of the network suggests that the ordering is restricted to small, local domains throughout the hydrogel. Figure 6 . SAXS curves of a PEG-chol network made in chloroform and measured during multiple solvent exchange cycles between THF and water.
Since the two peaks observed in the hydrogel network are not carried over from any preexisting features, it is probable that they are first and second order peaks of a single ordered arrangement rather than the result of two separate ordered configurations on different length scales. The 2:1 ratio of d-spacing signifies lamellar-like organization of cholesterol domains within the PEG-chol network [38, 39] . Cholesterol assembly into lamellar-like sheets is not surprising given the nature of cholesterol and the composition of the network. For example, as a liquid crystalline material, cholesterol easily stacks into sheets [40] . Moreover, the polymer backbones are expected to be centered between the cholesterol sheets, with PEG side chains emanating from either side connected to the cholesterol clusters. The position of the SAXS peak corresponds to the distance between the centers of the cholesterol layers, which should be similar to twice the end-to-end distance of the PEG chain plus the length of the long axis of a cholesterol molecule. Using equation 2 for a three-dimensional self-avoiding random walk combined with the measured length of cholesterol [41] , the calculated theoretical lamellar spacing is 9.4 nm, only slightly smaller than the measured spacing of 10.2 nm for the PEG-chol hydrogels.
To verify this conformation, the length of the PEG-linker in the PEG-chol monomer was altered. If the cholesterol assembles into stacked aggregates ordered like lamellar sheets, then the spacing of the cholesterol groups will relate to the length of the PEG chains attaching it to the polymer backbone. Increasing the length of the PEG chains, for instance, should increase cholesterol spacing and cause both peaks to shift to lower q in the SAXS pattern. PEG(3400)-chol monomers were synthesized for development of a 100% PEG(3400)-chol network; however, the precursor solution did not form a fully crosslinked gel that could be handled, even with extended UV exposure. As an alternative, a PEG-co-(PEG-chol) network with 88% PEG(3400)-chol was synthesized for comparison to the 90% and 100% PEG(1500)-chol networks ( Figure 7) . The 88% PEG(3400)-chol network displays a peak at significantly lower q than the hydrogels consisting of PEG (1500) A schematic of the proposed PEG-chol network morphology is presented in Figure 8 . 
Structural dependence on cholesterol content
Confirmation of the organized nanostructure at high PEG-chol to PEG ratios completes our understanding of cholesterol self-assembly in the water-swollen PEG-co-(PEG-chol) networks. The schematic in Figure 9 demonstrates the three structural configurations observed as the ratio is increased from 0% to 100% PEG-chol. Without any cholesterol incorporation, the structure of the photopolymerized, end-linked PEG network is characterized by weak ordering of the dense, hydrophobic crosslink junctions. Addition of PEG-chol does not significantly alter the crosslink ordering below 60% PEG-chol; however, as cholesterol collapses into the crosslinks, even denser hydrophobic moieties are generated and the PEG chains become stretched. Above 75% PEG-chol, cholesterol starts to aggregate with itself, and the hydrogel structure slowly transitions into a phase-separated morphology of lamellar-like ordered domains surrounded by amorphous, disordered PEG chains and cholesterol clusters. The lamellar ordering becomes much more distinct with the elimination of long PEG-diacrylate chains, replaced by a small triethylene glycol crosslinker, as demonstrated by the well-defined peaks in the SAXS pattern of the 100% PEG-chol network. Additional investigation on the corresponding macroscopic properties of the gels was performed for verification of the proposed micro-morphology. Figure 9 . Schematic of the hydrogel morphology for water-swollen PEG-co-(PEG-chol) networks of varying composition, from 0% to 100% PEG-chol. PEG chains are drawn in black, the polymerized PEG end-groups are shown in red, and cholesterol groups are shown in green.
Swelling measurements
Incorporating cholesterol into hydrogels via the PEG-chol linker introduces competitive swelling effects. Although the presence of cholesterol would be expected to stimulate less swelling due to its hydrophobic nature, replacement of PEG-diacrylate chains with monofunctional PEG-chol loosens the crosslinking and entanglement structure and adds dangling PEG chains, both of which promote water uptake. In addition, the self-assembled cholesterol morphology may affect PEG swelling capabilities within the networks. To separate these competing influences, swelling measurements were performed on both PEG-co-(PEG-chol) and PEG-co-(PEG (2000)) hydrogels. Figure 10 shows the measured equilibrium swelling ratio, Q, which represents the weight ratio of water to polymer in the gels. As expected, the swelling ratio of the PEG-co-(PEG(2000)) networks gradually increases with the incorporation of monofunctional PEG. This corresponds to the small but gradual increase in crosslink spacing that was measured via SAXS. With increasing amounts of PEG (2000) replacing PEG-diacrylate, the number of PEG chains acting as effective crosslinkers decreases and the constricted network loosens. Although the PEG-co-(PEG(2000)) hydrogels do not undergo any major structural transitions like those observed in the PEG-co-(PEG-chol) networks, the disappearance of weakly ordered crosslinks was observed in the scattering profile for the 75% PEG(2000) composition.
Consequently, the transition to this even less restricted structure resulted in the abrupt increase in the equilibrium swelling ratio. The swelling ratios of the PEG-co-(PEG (2000)) networks show the swelling trend expected for a gradual inclusion of mono-functional, dangling PEG chains into the end-linked PEG network. However, comparison with the measured swelling ratios of the PEG-co-(PEGchol) hydrogels reveals that this is not the dominant factor in those networks. Instead, the PEGco-(PEG-chol) networks exhibit identical swelling ratios with increasing PEG-chol content up to the structural transition between 60% and 75% PEG-chol, above which the water-to-polymer ratio gradually decreases. The unfluctuating swelling behavior below 60% PEG-chol must result from a balance of hydrophilic and hydrophobic swelling forces in the PEG-co-(PEG-chol) hydrogels that is independent of the PEG-chol composition. Every dangling PEG chain that increases swelling is attached to a cholesterol group that reduces it; greater crosslink spacing from more stretched and swollen PEG chains is balanced, and caused by, cholesterol aggregation to form larger hydrophobic crosslink junctions.
Above 60% PEG-chol, the swelling ratio decreases with increasing amounts of PEGchol, correlating with the structural transition to meso-ordered cholesterol domains in the network. Self-assembly of cholesterol into stacked sheets creates large hydrophobic domains that are spaced closer together than the dense crosslinks at lower PEG-chol concentrations, meaning that less water absorbs between the hydrophobic network aggregates. Limited water absorption within the lamellar-like cholesterol structures leads to a decrease in the equilibrium swelling ratio as the presence of these domains in the network grows.
The mass fraction of cholesterol within each swollen PEG-co-(PEG-chol) network was calculated, as shown in Figure 11 . Given the substantial alterations to the hydrogel structure that stem from cholesterol self-assembly, the actual mass fraction of cholesterol in the water-swollen networks is surprisingly small. The PEG-co-(PEG-chol) hydrogels are all composed of less than 7% cholesterol by swollen mass, and the structural transition to lamellar-like domains and subsequent network de-swelling occurs at a mass fraction of 0.02, or only 2% cholesterol in the swollen gel. For a single chain polymer amphiphile in solution, 2-7% hydrophobic content would be unlikely to produce a self-assembled lamellar structure [42] . Instead, the amphiphiles would be more likely to adopt micellar or hexagonal ordering, which effectively hides the hydrophobic groups from having to interact with the aqueous solvent. However, the selfassembly of PEG-chol amphiphiles is significantly restricted by their attachment to the crosslinked network, which inhibits rearrangement to a more favorable morphology. The stability of lamellar domains in a similar PEG system was previously observed when block co-polymers mixed with an aqueous PEG-diacrylate precursor solution self-assembled into lamellar meso-structured domains, which were subsequently integrated into the hydrogel network [43] .
Lamellar ordering occurred at block co-polymer concentrations as low as 10 wt%, substantially lower than the 75 wt% concentration needed to form lamellar sheets in pure water [39, 43] . The results showed that the PEG chains stabilized lamellar meso-ordering, and this same effect may occur in the PEG-co-(PEG-chol) hydrogel networks. 
Compressive mechanical testing
Mechanical properties of the PEG-co-(PEG-chol) networks were investigated using compressive mechanical testing. Generally, hydrophobic groups would be expected to provide strength or toughness to the water-swollen network [18] ; however, the cholesterol groups are attached to elastically ineffective dangling PEG chains, thus making it unclear what influence their incorporation might have on mechanical properties. Figure 12 shows the compressive stress data for uniaxial compression of the PEG-co-(PEG-chol) hydrogel networks plotted as a function of inverse deformation, 1/α. Among the hydrogels with lower PEG-chol content, small differences in the compressive response are observable. The most notable change occurs between 0% and 15% PEG-chol networks, where the collapsed cholesterol increases the stress incurred by the network during deformation. Bigger changes in the stress behavior occur at high PEG-chol fractions as the network morphology transitions from ordered crosslinks to selfassembled lamellar-like domains. The structural alteration significantly impacts the ductility of the hydrogels, with the 90% and 100% PEG-chol networks undergoing 40-50% more deformation and 6-7 times more stress than the 60% PEG-chol hydrogels before breakage. 
where C 1 and C 2 are fitting constants. For networks that follow classical affine deformation, or neo-Hookean behavior, C 2 = 0 and 2C 1 is the shear modulus of the network [36, 47] . For alternative elastic behavior, the Mooney-Rivlin plot provides insight into strain hardening and softening of the material during deformation. Mooney-Rivlin plots of the compressive stressdeformation curves for the water-swollen PEG-co-(PEG-chol) networks are presented in Figure   13 . PEG-co-(PEG-chol) hydrogels with ordered crosslinks (0-60% PEG-chol, 0-2% chol by swollen weight) exhibit classical affine behavior as the reduced stress is nearly constant and independent of the amount of deformation. Fitting the curves to the Mooney-Rivlin equation (Table 2) confirmed that 2C 2 is nearly zero for all PEG-chol concentrations below 75%, and so the 2C 1 fitting constant is equivalent to the shear modulus, G, of each network. The elastic modulus, E, can be determined through its relation to the shear modulus, E  3G, which is a good approximation for elastomers [48] . Table 2 demonstrates that networks with cholesterol aggregated near the crosslink junctions are mechanically stronger than the standard PEG hydrogel. In fact, incorporating only 15% PEG-chol into the network nearly doubles the elastic modulus. Below 60% PEG-chol, the swelling ratios of the resulting hydrogels were equivalent, so the elevated elastic modulus is attributed solely to cholesterol aggregation at the hydrophobic crosslinks. Greater incorporation of PEG-chol increases the contribution of physical crosslinking to the mechanical strength. However, in contrast to the swelling behavior, the strength enhancement provided by more hydrophobic cholesterol in the network does not compensate for the strength lost by its replacement of elastically effective PEG-diacrylate chains. Thus, the elastic modulus decreases with increasing addition of PEG-chol to the network. The counter effect of this strength loss is a moderate increase in ductility, as observed in the stressdeformation curves in Figure 12 . While the covalent, high functionality PEG crosslinks provide mechanical strength, they are also a source of brittleness due to their inability to make conformational adjustments during deformation. Conversely, physically aggregated cholesterol molecules are not bound into place; their ability to rearrange configurations creates a more flexible network that can redistribute and balance tension during deformation, thereby enduring further strain. A better understanding of the fluctuating stress softening and hardening of the 90% and 100% PEG-chol hydrogel networks can be gathered from the compressive mechanical behavior of liquid crystal polymer networks. These networks, which contain liquid crystals in either the backbone or as side chains, can be crosslinked at high temperatures while the liquid crystals are isotropically distributed and then cooled to form polydomains of layered liquid crystals surrounded by polymer chains [49] [50] [51] . The process is analogous to crosslinking the PEG-chol networks in organic solvent and transferring them to aqueous solvent where they self-assemble into many small lamellar-like domains. Crosslinking before transition to the liquid crystal phase generates flexibility for the liquid crystals to rearrange into new formations upon macroscopic deformation [49] . Modeling of a liquid crystal polymer undergoing uniaxial compression shows transitions from an isotropic to para-nematic to nematic phase [52] . A Mooney-Rivlin plot shows initial strain hardening as the isotropic phase is compressed followed by a peak as the network transitions to a para-nematic phase and begins to soften from molecular alignment of the liquid crystals. The para-nematic to nematic phase transition causes a discontinuity in the slope, although stress softening is exhibited in both states. While the model in this case described alignment of individual liquid crystal molecules, similar concepts apply to the alignment of randomly oriented liquid crystal polydomains under mechanical deformation. This was seen experimentally by Shandryuk and coworkers during uniaxial compression of a polydomain sidechain liquid crystal polymer network containing smectic layers stabilized by hydrogen bonding [50] . After an initial linear increase in the stress-strain curve, a significant leveling off occurred at a threshold strain around 20%. X-ray scattering of the polymer films revealed a randomly distributed polydomain structure before compression and a well-ordered monodomain structure after the threshold strain. Finkelmann and colleagues have used biaxial deformation to create a liquid crystalline elastomer with a uniform smectic conformation [53] . Upon uniaxial compression, the monodomain network also exhibited threshold behavior related to either tilting of the liquid crystals or shearing of the stacked layers [54] .
Knowing how liquid crystal polydomains respond to mechanical stress allows interpretation of the three stages of behavior detailed in the 100% PEG-chol Mooney-Rivlin plot.
At low strain, the network exhibits softening behavior that was displayed to some extent by all the PEG-co-(PEG-chol) hydrogels. This suggests that some initial softening may occur due to water weeping out of the hydrogel. Deformation of the amorphous regions in the PEG-chol network brings the polydomains of self-assembled, meso-ordered cholesterol closer together, and this leads to strain hardening at intermediate deformations while the orientations of the lamellarlike domains are randomly distributed. Upon further deformation, the cholesterol domains are expected to act analogously to the liquid crystal polymer networks such that they slowly align to form a monodomain of cholesterol lamellae, a process described by the second phase of stress softening. In many samples, a slight change in slope is noticeable during the high strain softening phase. As observed in the transition from a paranematic to nematic phase, the slope change could indicate the point of monodomain formation. Continued softening after this point could be caused by either tilting of the stacked cholesterol layers or shearing of the layers atop one another.
Conclusion
We have demonstrated a method for incorporating cholesterol into a hydrogel network using organic solvent synthesis followed by solvent exchange. This method reduces limitations develops lamellar-like meso-ordered polydomains within the swollen network, a direct result of the tethered cholesterol structure. These ordered domains, similar to those of a side-chain liquid crystal network, dramatically alter the hydrogel response to deformation and greatly improve the network fracture strength.
